Control of folate homeostasis is essential to sustain the demand for one-carbon (C1) units that are necessary for major biological functions, including nucleotide synthesis and methylation reactions. In this study, we analyzed the genome-wide and metabolic adaptive response of Arabidopsis (Arabidopsis thaliana) cells to folate depletion induced by the antifolate methotrexate. Drug treatment induced a response typical to xenobiotic stress and important changes in folate content and composition. This resulted in a reduction of cell division and primary energy metabolism that was likely associated with perturbation of nucleotide homeostasis. Through a modification of serine metabolism, folate depletion also induced O-acetylserine accumulation and mimicked sulfur deficiency response. The major adaptive response to folate limitation concerned the composition of the folate pool rather than the intracellular level of cofactors. Thus, no significant change in the expression of genes involved in cofactor synthesis, degradation, or trafficking was observed. However, changes in the distribution of C1 derivative pools and increased expression levels for transcripts coding enzymes manipulating C1 moieties in plastids suggested a reorientation of C1 units toward the synthesis of purine and thymidylate. Also, no genomic or metabolic adaptation was built up to counterbalance the major impairment of the methyl index, which controls the efficiency of methylation reactions in the cell. Together, these data suggested that the metabolic priority of Arabidopsis cells in response to folate limitation was to shuttle the available folate derivatives to the synthesis of nucleotides at the expense of methylation reactions.
One-carbon (C1) metabolism refers to a complex network in which C1 units carried by folate cofactors are used for essential biosynthetic and regulatory functions. Cellular tetrahydrofolate (THF) derivatives, collectively termed folate(s), differ in the location and oxidation level of the C1 unit they carry and by the length of their (poly)Glu side chain. The 10-formyl derivative of THF is involved in purine and 10-formylmethionine-tRNA synthesis, 5,10-methylene-THF is required for thymidylate and pantothenate synthesis and for Gly to Ser conversion, and 5-methyl-THF is the methyl donor for the synthesis of Met ( Fig. 1 ; Hanson and Roje, 2001) . Met is incorporated into protein or converted to S-adenosylmethionine (AdoMet), the universal methyl donor that is involved in dozens methyltransferase reactions and in the biogenesis of ethylene, polyamines, biotin, and nicotianamine (Roje, 2006) . C1 metabolism in plants displays unique features as compared to other organisms, in particular regarding its multiple subcellular compartmentation (Fig. 1 ). Also, plants are able to synthesize THF de novo through a complex biosynthetic route comprising 10 steps located in three subcellular compartments (plastids, cytosol, and mitochondria; Rébeillé et al., 2006) .
During plant development, the enzymatic capacity for THF synthesis, the pool of folates, and the demands for C1 units vary importantly (Gambonnet et al., 2001; Basset et al., 2002 Basset et al., , 2004a Basset et al., , 2004b Jabrin et al., 2003) . Little is known, however, about how folate homeostasis is controlled to match the supply of C1 units with fluctuating demand and how C1 units are accurately distributed between different anabolic routes. To gain insights into the regulatory processes governing this network, several groups analyzed the consequences of perturbation of the folate pool on C1 metabolism. By exposing Arabidopsis (Arabidopsis thaliana) plants to folate antagonists, Prabhu et al. (1998) determined that a continuous supply of folates was essential to maintain high rates of Ser synthesis during the photorespiratory process. Also, plant cell cultures treated with the folate analog methotrexate (MTX) displayed an important inhibition of their growth (Wu et al., 1993) , thus emphasizing the crucial role of folates in nucleotide synthesis and cell division. Last, folate limitation in Arabidopsis cells was associated with important perturbation of the activated methyl cycle, which corresponds to a recycling of Met and AdoMet following methylation reactions (Loizeau et al., 2007) . Upon 5-methyl-THF depletion, a delayed restoration of Met and AdoMet homeostasis was observed and correlated with a proteolytic cleavage of the N terminus of the first enzyme involved in de novo Met synthesis (Loizeau et al., 2007) . Processing of this enzyme was specifically associated with perturbation of the folate pool, thus demonstrating that a folate-dependent anabolic route can adapt to folate depletion through a posttranslational regulatory process. Drug-induced folate starvation in Arabidopsis cells was also associated with a significant modification of folate composition (distribution of C1 derivatives), suggesting an adaptive response to favor a preferential shuttling of the flux of C1 units to the synthesis of nucleotides over the synthesis of Met (Loizeau et al., 2007) .
The aim of this genome-wide and metabolic study was to gain insight into the regulatory process leading to the adaptation of cell physiology, and more particularly of C1 metabolism, upon perturbation of folate homeostasis. We showed that folate limitation due to MTX application was responsible for important metabolic disturbance, including stress response, impairment in cell division, and reduction of energy metabolism. Also, a metabolic priority of Arabidopsis cells was to shuttle the available C1 derivatives to the synthesis of nucleotides at the expense of AdoMet synthesis and methylation reactions.
RESULTS AND DISCUSSION
In this study, we used the antifolate MTX to analyze the genome-wide and metabolic consequences of folate depletion in Arabidopsis cells. MTX is an analog of dihydrofolate that primarily acts on dihydrofolate reductase (DHFR), an enzyme involved in the de novo synthesis of THF and in the regeneration of reduced folate coenzymes from oxidized dihydrofolate species. Previous studies have shown that MTX is useful to manipulate folate pools in plants (Wu et al., 1993; Prabhu et al., 1998; Loizeau et al., 2007) . In our study, MTX was used at 100 mM to induce rapid perturbation of folate homeostasis in Arabidopsis cells, and the dynamics of global transcriptomic changes was followed 2, 6, and 24 h following drug addition to the culture medium. Folates were determined by liquid chromatography-electrospray ionization tandem mass spectrometry (LC-MS/MS), and, taking into account experimental bias , derivatives were grouped into five categories, namely 5-methyl-THF, 5-formyl-THF, THF plus 5,10-methylene-THF, 10-formyl-THF plus 5,10-methenyl-THF, and folic Figure 1 . Overview of C1 metabolism and its compartmentation in plant cells. 1, SHMT; 2, Gly decarboxylase; 3, 5,10-methylene-THF dehydrogenase; 4, 5,10-methenyl-THF cyclohydrolase; 5, FTHFS; 6, 5,10-methylene-THF reductase; 7, 5-formyl-THF cycloligase; 8, methionyl-tRNA formyltransferase; 9, glycinamide ribonucleotide transformylase and aminoimidazole carboximide ribonucleide transformylase; 10, thymidylate synthase; 11, Met synthase; 12, AdoMet synthetase; 13, AdoMetdependent methyltransferase; 14, AdoHcy hydrolase; 15, ketopantoate hydroxymethyltransferase; 16, 10-formyl-THF deformylase. Ado, adenosine; THF and its derivatives: CH 3 -(methyl), CH 2 -(methylene), CH + -(methenyl), 5-CHO-, and 10-CHO-(formyl).
acid. Control Arabidopsis cells contained an average of 12 nmol folates/g of fresh weight (FW) all along the examined period (Supplemental Table S1 ). In treated cells, MTX uptake was rapid, and the intracellular pool reached a plateau value at about 10 nmol/g FWafter 6 h of treatment. Upon MTX treatment, the overall pool of folate decreased by 22%, 56%, and 77% after 2, 6, and 24 h of exposure to the drug, respectively (Supplemental Table S1 ). As previously described by Loizeau et al. (2007) , this treatment also induced an imbalance in C1-substituted cofactors, the pool of 5-methyl-THF being the most severely reduced, whereas other derivatives decreased less rapidly.
Effects of MTX on Genome-Wide Expression in Arabidopsis Cells
To follow changes in gene expression over the time course of exposure to MTX, we directly compared control and MTX-treated cells at 2, 6, and 24 h ( Fig. 2A , comparisons 1-3) using the Complete Arabidopsis Transcriptome MicroArray (CATMA) chips. Statistical analysis using a P-value cutoff of ,0.05 after Bonferroni correction (Gagnot et al., 2008) revealed 4,538 genes displaying significant differential expression at some point during drug treatment. Thus, 20% of the 22,089 Arabidopsis nuclear genes represented on the CATMA array displayed changes in mRNA levels in response to MTX treatment. The dynamics of genome-wide response was confirmed through direct comparisons of MTX-treated cells at 2, 6, and 24 h ( Fig. 2A , comparisons 4-5). Differentially expressed genes showed an equal distribution between up-and down-regulated groups (2,326 and 2,318 genes, respectively, Fig. 2B ). In addition, 106 genes were shared by these two categories as they displayed induction followed by repression, or vice versa, during the time course analysis. The expression profiles of 12 selected genes were analyzed by real-time quantitative RT-PCR (qPCR) and allowed to validate the array experiments (Supplemental Table S2 ).
To focus our study on highly responsive transcripts, we have selected differentially expressed genes for which log 2 (ratio) was .1 or ,21 (corresponding to 2-fold changes). The resulting 2,661 MTX-responsive genes were classified according to their temporal expression, and we could define two principal sets of genes corresponding to an early (6 h) and a late (24 h) response to MTX treatment (Fig. 2B) . After 2 h of exposure to MTX, cellular changes due to drug incorporation within cells and the associated modest depletion of the folate pool (22% as compared to control cells) were not sufficient to induce a significant transcriptional response of Arabidopsis cells. The early response to MTX treatment comprised 1,106 highly regulated genes, of which 657 displayed only transient differential expression at 6 h. For 448 genes, the differential expression observed in the early phase of the response to MTX was maintained in the late period. Both the transient and persistent sets of early regulated genes were characterized by a high proportion of up-regulated transcripts (63%). Lastly, genes for whom the differential expression was specific to the late response to MTX accounted for 60% of highly responsive transcripts. Particularly, 908 out of 1,323 down-regulated genes (i.e. 69%) were typical of a late response (Fig. 2B) .
To gain insight into the biological processes in which the highly differentially expressed genes are involved, we performed functional categorization based on the Munich Information Center for Protein Sequences (MIPS) database ( Fig. 3 ; Ruepp et al., 2004) . In addition to the large number of genes with no clear function (74% of the Arabidopsis genes and 66% of the MTXresponsive genes), the principal bias of the MIPS classification resides in the important variation in the number of genes in each category. Thus, to highlight biological processes that are significantly affected by the MTX treatment, we compared the proportion (in percent), but not the number, of MTX highly responsive genes assigned in each category to the relative distribution of all the Arabidopsis annotated genes in the different categories (Fig. 3) . Using these criteria, the most significantly modified categories among the MTX-repressed genes were metabolism, energy, protein synthesis, cell fate and differentiation, interaction with the environment, and cell cycle. Figure 3 shows that for MTX-induced genes, the MIPS categories Differentially expressed genes were selected by statistical analysis after Bonferroni correction (P-value cutoff of 0.05). Numbers in parenthesis correspond to highly regulated genes, i.e. genes for which the log 2 (ratio) value was .1 or ,21 (2-fold changes).
principally affected were transcription and cell rescue, whereas protein synthesis was the lowest represented functional group. The function of selected groups of MTX-regulated genes will be analyzed in detail in the next paragraphs.
MTX Treatment Is Associated with a Broad Slowdown of Primary Metabolic and Cellular Processes
In agreement with the antiproliferative properties of MTX, we observed that growth of Arabidopsis cells supplied with the drug was markedly reduced (Supplemental Fig. S1 ). Cell viability was not affected by MTX, thus indicating that the treatment did not trigger cell death during the examined period of culture. Thus, growth inhibition upon MTX treatment illustrated the crucial role of folates in nucleotide synthesis, DNA synthesis, and cell division. It was not surprising, therefore, to observe that MTX-repressed genes were highly represented in the "cell cycle and DNA processing" MIPS functional category (Fig. 3) . More specifically, it appeared that crucial genes involved in the control of the G2/M transition of the cell cycle (Francis, 2007) were down-regulated in MTX-treated cells, mainly in the late phase of the response. Thus, the cyclin-dependent protein kinase B CDKB2, for which the activity normally peaks in mid-to-late G2, the CKS1 and CKS2 proteins that interact with CDKs, and three cyclins A/B, substrates of CDKs, were down-regulated in response to MTX treatment (Supplemental Table S3 ). A similar behavior was observed for CDC25, which dephosphorylates CDKA/B to allow the fully active kinase to drive cells into mitosis (Francis, 2007) . Also, the down-regulation of seven tubulin a-and b-chain coding genes and of the KIS tubulin-folding cofactor gene suggested that the microtubule cytoskeleton, which forms unique arrays during cell division, was markedly affected in MTXtreated cells (Supplemental Table S3 ). Together, these data suggested that folate depletion probably resulted in perturbation of nucleotide homeostasis and abnormal DNA synthesis during the S phase and induced a subsequent blockage of cell division through a downregulation of key genes of the G2/M check-point.
As illustrated in Figure 3 , the impairment in cell division was accompanied by an important repression of genes involved in protein synthesis and metabolism. Thus, 44 genes coding ribosomal proteins, which are structural constituents of ribosome 40S and 60S, were down-regulated in the early and late phases of MTX response. An important decrease in cellular energy metabolism was also a characteristic of the response induced by MTX. Measurements of respiration rates in control and treated cells indicated an approximately 40% reduction after 24 h of exposure to the antifolate (Supplemental Fig. S1 ). Photosynthesis, which is not elevated in Arabidopsis cells grown under mixotrophic conditions, was also reduced by about 50% in MTX-treated cells as compared to controls after 24 h of treatment. These measurements fit well with the transcriptomic data showing that key genes of both respiration (e.g. subunits of mitochondrial inner membrane complexes) and photosynthesis (e.g. small subunit of Rubisco and subunits of PSI and PSII) were down-regulated in the late phase of exposure to MTX (Supplemental Fig. S2 ). Several genes involved in photorespiration, a process that is tightly associated with photosynthesis in C3 plants and depends on folate-dependent steps located in mitochondria, were also down-regulated in response to MTX treatment. These genes encode the principal mitochondrial isoform of Ser hydroxymethyltransferase (SHMT; Voll et al., 2006) and the H, P, and T subunits of the Gly decarboxylase complex ).
In conclusion, the effects of MTX treatment resulted in a broad slowdown of essential physiological functions, including cell division and primary energy metabolism. These changes could be due, to some extent, to perturbations of NTP and dNTP pools following MTX treatment. Indeed, in addition to their essential role as building blocks for nucleic acid synthesis, purine and pyrimidine are also required for energy metabolism and participate in many important biochemical processes (Zrenner et al., 2006) . Folate depletion, through the inhibition of both purine and pyrimidine synthesis ( Fig. 1) , was likely responsible for the observed physiological and genome-wide response of Arabidopsis cells to MTX treatment. To support these assumptions, Kidd et al. (1982) have shown that pea (Pisum sativum) seedlings treated with the antifolate asulam accumulated two intermediates Figure 3 . Functional categorization of MTX-regulated genes. Highly responsive genes were separated into up-regulated (gray bars) and down-regulated (black bars) sets and classified into functional categories using the MIPS interface (Ruepp et al., 2004) . The proportion (in percent) of MTX-responsive genes identified in each category is indicated on the x axis. Dotted lines indicate the distribution (percent) of all the Arabidopsis genes in each MIPS category. Asterisks indicate that the distribution of MTX-responsive genes is significantly different from that of Arabidopsis genes using a chi-square test with an a risk of P , 0.01. Genes of unknown function, which represent 74% of the Arabidopsis genes and 66% of the MTX-responsive genes, were excluded from the figure for clarity.
of purine biosynthesis, thus indicating that folate deficiency was associated with an impairment of nucleotide synthesis. Also, growth inhibition of tobacco (Nicotiana tabacum) protoplast-derived cells induced by MTX was prevented by a mixture of Met, adenine, and thymidine (Poll et al., 1984) .
MTX Induces a Stress Response Characteristic to Xenobiotic Treatments
According to the MIPS catalogue, 66 putative transcription factors belonging to various families were found to be up-regulated in response to MTX treatment (i.e. 4.5% of the up-regulated genes; Fig. 3 ). A search in the plant transcription factor database PlantTFDB (Guo et al., 2008) enlarged this list to 146 members. Among them, 86 genes were associated with the early response and 13 displayed log 2 (ratio) higher than 3 (8-fold induction) after 6 h of exposure to MTX. To analyze whether these genes were specifically associated with MTX treatment and/or perturbation of folate homeostasis, we analyzed their expression profiles using the Genevestigator database and software (Zimmermann et al., 2004) . The 13 selected genes were found to be up-regulated to elevated levels by at least one abiotic and biotic stress. Examination of other up-regulated genes coding putative transcription factors suggested that most of these changes were not characteristic for folate depletion but most likely resulted from a stress response induced by the MTX drug. This assumption was strengthened by the observation that MTX-induced genes were highly represented in the MIPS functional category "cell rescue and defense" (Fig. 3) . These genes related to stress response include, for example (Supplemental Table  S3 ), the Aox1a and Aox1d genes coding alternative oxidases (Clifton et al., 2006) and genes involved in the synthesis of ethylene and polyamines, two metabolites derived from AdoMet ( Fig. 1) and involved in plant stress responses (Fujita et al., 2006; Groppa and Benavides, 2008) . Other stress-related genes could be associated more specifically to detoxification of xenobiotics by plants (Coleman et al., 1997) . They include several genes coding Cyt P450s, glutathione S-transferases, glycosyland sulfotransferases, ATP-binding cassette transporters, and MATE efflux family proteins (Supplemental Table S3 ). The most important protective phases of the detoxification process involve conjugation of the drug to glutathione or another hydrophilic molecule and sequestration of the conjugates into the vacuole or extrusion outside the cell (Coleman et al., 1997) . In animal models, it has been shown that members of the ATP-binding cassette superfamily, including multidrug resistance proteins (MRPs) and breast cancer resistance protein (BCRP), are high-capacity ATPdriven MTX efflux transporters (Assaraf, 2006) . Therefore, by actively extruding antifolates, overexpressed MRPs and/or BCRP confer resistance to antifolate chemotherapy. In Arabidopsis, the AtMRP1 and AtMRP4 proteins have been shown to mediate transport of MTX and/or folate (Klein et al., 2004) . These two genes were not differentially expressed in MTX-treated cells. However, AtMRP2 and AtMRP3, for which the ability to transport MTX or folate has not yet been tested (Klein et al., 2006) , were up-regulated to a limited extent (2-to 3-fold) in response to MTX treatment (Supplemental Table S3 ). Additional experiments will be necessary to determine whether these MRPs and other MTX-responsive transporters are involved in antifolate detoxification and, eventually, in the transport of physiological folates.
Supplementation with Leucovorin Allows Determining the Specificity of the Response to Folate Depletion
Taken together, the above-presented data indicated that treatment with MTX was responsible for a stress response, in part related to xenobiotic-induced detoxification processes. The main goal of our study was to gain insight into the regulatory process leading to the adaptation of C1 metabolism upon perturbation of folate homeostasis. To discriminate between the response due to the undesired effects of MTX and the one associated with folate depletion, we used leucovorin (LV), a stable folate derivative (5-formyl-THF) that is administered in anticancer chemotherapy after antifolate treatment to rescue normal cells from the cytotoxicity of MTX (Stover and Schirch, 1993; McGuire, 2003) . LV is an inhibitor of many folate-dependent enzymes in vitro, but exceptionally high levels of 5-formyl-THF do not much affect fluxes through folate-dependent reaction in vivo in Arabidopsis (Goyer et al., 2005) . Thus, this well-tolerated folate derivative was used for supplementation assays. The new set of experiments comprised four culture conditions: cells treated with MTX (100 mM, as for the transcriptomic studies) or LV (500 mM), cells treated with both compounds, and control cells. Cells were collected after 6, 12, and 24 h of exposure to the different compounds.
In this series of experiments, control cells contained 17 6 3 nmol folate/g FW, a pool that is substantially higher than the one measured in control cells used for transcriptomic studies (12 6 2 nmol/g FW; Supplemental Table S1 ; Fig. 4 ). Cell treatment with MTX resulted in an important depletion of folate to 1.3 nmol/g FW, whereas supplementation with LV alone led to intracellular folate accumulation to elevated levels (.50 nmol/g FW; Supplemental Table S1 ). The simultaneous addition of LV and MTX in the culture medium did not interfere with drug uptake but fully abolished the overall folate depletion induced by MTX (Fig. 4) . Indeed, the folate pool was maintained above 16 nmol/g FW throughout the examined period. However, the distribution of C1 derivatives was significantly changed, with an increased ratio of 5-formyl-THF in LVsupplemented cells as compared to control cells (Fig. 4) .
Analysis of the physiological parameters of cells treated with MTX and LV indicated that supplementation was associated with a partial rescue of cell growth and primary energy metabolism (Supplemen-tal Fig. S1 ). It seems, therefore, that these cellular processes were not affected by overall folate depletion but rather by changes in individual C1-derivative pools, which were not restored to accurate levels in supplementation assays. The persistent deleterious effects of MTX, albeit LV supplementation, may also be due to the direct inhibition of key enzymes involved in purine and thymidylate synthesis, as demonstrated in animal models (McGuire, 2003) . In animals, the folatedependent enzymes thymidylate synthase, glycinamide ribonucleotide, and aminoimidazole-carboxamide ribonucleotide transformylases (Fig. 1) have been shown to be inhibited by MTX and by dihydrofolates, which accumulate when DHFR, the principal target of MTX, is blocked (McGuire, 2003) . The parallel between the animal and plant systems is supported by two observations. First, MTX accumulated to elevated levels in Arabidopsis cells (Supplemental Table S1 ) so that the activities of the hypothetical secondary targets of MTX should be markedly impaired. Second, folic acid accumulated in Arabidopsis cells treated with MTX alone or in combination with LV (Fig. 4) . The increase in folic acid pool was probably due to the inhibition of DHFR enzymes and the accumulation of their substrate, dihydrofolates. These compounds could not be measured directly in MTX-treated cells, because they are very labile and are in part oxidized to folic acid during the analytical procedure used for folate measurements . Also, it is likely that dihydrofolates were oxidized to folic acid in vivo and potentially catabolized to pteridines and p-aminobenzoylglutamate, as shown in Escherichia coli cells treated with the DHFR inhibitor trimethoprim (Quinlivan et al., 2000) .
Together, these results indicated that supplementation of MTX-treated cells with LV prevented overall folate depletion but did not restore a folate composition similar to control cells. Moreover, the subsequent analyses of selected genes and metabolites indicated a delay in the response to folate depletion in the two sets of experiments (transcriptomic and rescue studies), likely because cells initially displayed differences in folate pool size and composition (Supplemental Table  S1 ). Thus, the early response took place after 6 h in cells collected for the transcriptomic studies (Supplemental Table S2 ), whereas it was delayed to 12 h in cells used for the rescue experiments (Figs. 5 and 7) . A detailed analysis of folate pools in the two sets of cultures was done to identify which derivative(s) could be responsible for the observed delay. It appears that most of the changes in gene expression and metabolite levels could be correlated to the cellular level of 5-methyl-THF, with a threshold at about 0.5 nmol/g FW below which cellular responses are induced (Supplemental Table S1 ). We cannot exclude that another folate derivative can act as a sensor in transcriptional and metabolic controls. For example, the level of 5,10-methylene-THF, which could not been determined because it is converted to THF during the analytical procedure, could play an important role in signaling folate depletion in Arabidopsis cells. In yeast (Saccharomyces cerevisiae), the level of 5,10-methylene-THF in the cytoplasm has a direct role in signaling transcriptional control of several genes involved in C1 metabolism and de novo purine synthesis (Piper et al., 2000; Gelling et al., 2004) . As mentioned above, the inhibition of DHFR could have resulted in the accumulation of folate catabolic products in Arabidopsis cells treated with MTX. Although we did not quantify pteridines and p-aminobenzoylglutamate, it is likely that these compounds do not play any important role in the transcriptional and metabolic responses we observed, because LV supplementation abolished or markedly reduced the effects of MTX (see below), albeit folic acid, and potentially folate catabolites, accumulated to similar levels in cells treated with MTX or MTX plus LV (Supplemental Table S1 ). Folate-autotrophs are able to synthesize THF through a complex biosynthetic route comprising 10 reactions (Rébeillé et al., 2006) . In plants, the expression level of several enzymes involved in this pathway was correlated with the pool of folate and the demand for C1 units in various physiological situations (Basset et al., 2002 (Basset et al., , 2004a (Basset et al., , 2004b Jabrin et al., 2003) . Our work is, to our knowledge, the first genome-wide analysis of Table S1 .
the effect of folate limitation in a folate autotroph, providing the opportunity to study the transcriptional regulation of cofactor biosynthesis. Our transcriptomic data indicate that the expression of only one gene involved in THF synthesis was modified by folate depletion (Supplemental Table S4 ). This gene encodes the cytosolic isoform of folylpolyglutamate synthetase (cytFPGS), the last enzyme of the biosynthetic route, which is responsible for polyglutamylation of THF and C1-substituted folate coenzymes in the cytosol ). The differential expression of the cytFPGS gene (2-to 5-fold induction) was confirmed by qPCR in both cells used for the transcriptomic analysis and the supplementation assays. The cytFPGS expression profiles illustrated the previously mentioned delay between the two series of experiments. In the first experiment, the cytFPGS transcript peaked after 6 h of exposure to MTX (Supplemental Tables S2  and S4) , whereas maximal expression level was observed at 12 h in the second series of experiments (Fig.  5) . The induction of the cytFPGS gene observed in MTX-treated cells was abolished in cells treated with both MTX and LV, and the steady-state level of the transcript was not affected by supplementation with LV alone (Fig. 5) . This suggested that induction of cytFPGS was not a consequence of MTX or LV uptake and accumulation in cells. Rather, this adaptation was due to depletion of a natural folate, possibly 5-methyl-THF and/or 5,10-methylene-THF.
Due to its positioning at the end of THF biosynthetic pathway, cytFPGS is not assumed to change flux toward THF synthesis but rather to influence the extent of folate glutamylation in the cytosol. Under folate-limiting conditions, there may be two advantages in favoring polyglutamylation of folates. First, folylpolyglutamates are the most efficient substrates for most folate-dependent enzymes. For example, the cytosolic and chloroplastic isoforms of Met synthase strictly depend on a polyglutamylated 5-methyl-THF derivative to catalyze their reaction (Ravanel et al., 2004) . Second, folylpolyglutamates are less susceptible to catabolism and turnover (Suh et al., 2001 ). In the absence of transcriptional regulation of Arabidopsis genes involved in folate catabolism or salvage (Supplemental Table S4 ), one can propose that increasing polyglutamylation in the cytosol is an adaptation to limit folate breakdown in cells treated with MTX.
In folate-auxotroph organisms, the expression of folate transport proteins located on the plasma membrane adapts to extracellular folate levels and thus participates to the regulation of intracellular homeostasis of the cofactor (Matherly and Goldman, 2003 ). It appears that Arabidopsis cells do not elaborate a coordinated transcriptional regulation of key genes involved in cofactor synthesis, degradation, or trafficking to compensate folate limitation induced by MTX. This finding was unexpected, because the expression of several genes of THF biosynthesis was correlated with folate levels in many physiological situations (Basset et al., 2002 (Basset et al., , 2004a (Basset et al., , 2004b Jabrin et al., 2003) . Also, the overexpression of genes involved in the first steps of THF synthesis led to transgenic plants with increased folate levels (Diaz de la Garza et al., 2007; Storozhenko et al., 2007) . Together, our data suggest that folate level does not exert feedback transcriptional control on its own biosynthetic route, a situation that does not exclude regulation through posttranscriptional events. The pool of 5-methyl-THF was rapidly reduced in cells treated with MTX. As a consequence, the homeostasis of the intermediates of the activated methyl cycle was markedly affected, as previously observed by Loizeau et al. (2007) . Thus, after 6 h of treatment, 5-methyl-THF was reduced by approximately 70% as compared to controls (Fig. 4) and S-adenosylhomocysteine (AdoHcy), the by-product of AdoMet-methyltransferases (MTases), accumulated by 5-fold (Fig.  6 ). The rise in the AdoHcy pool could be attributed to the activity of AdoHcy hydrolase, a cytosolic reversible enzyme that catalyzes the hydrolysis of AdoHcy into homo-Cys (Hcy) and adenosine (Fig. 1) . The hydrolytic reaction is only favored by removal of reaction products through the enzymes Met synthase and adenosine kinase, respectively (Moffatt and Weretilnyk, 2001 ). In MTX-treated cells, 5-methyl-THF depletion most probably impaired the reaction catalyzed by Met synthase, thus limiting the removal of Hcy in the cytosol and favoring AdoHcy hydrolase in the direction of AdoHcy synthesis ( Fig. 1 ; Loizeau et al., 2007) . In the very early phase (6 h) of the response, the other key intermediates of the activated methyl cycle did not change significantly (Fig. 6) , suggesting that the conversion of Hcy to AdoHcy was a metabolic priority, probably to avoid the toxic effect of this compound (Perla-Kajan et al., 2007) ; and the synthesis of Met and AdoMet was sufficient to follow the demand for anabolic reactions (e.g. protein, ethylene, and polyamine synthesis). To support this last assumption, it is worth noting that the K m value for chloroplastic Met synthase is 4-fold lower than for the cytosolic isoforms (17 versus 60 mM, respectively; Ravanel et al., 2004) , suggesting that upon 5-methyl-THF limitation, the de novo synthesis of Met in plastids could be less affected than Met recycling in the cytosol.
The major consequence of the AdoHcy increase was a 5-fold reduction in the AdoMet to AdoHcy ratio (referred to as the methyl index), which is an indicator of the cell capacity to perform methylation reactions. Indeed, AdoMet-dependent MTases are strongly inhibited by AdoHcy, which behaves as a competitive inhibitor to the substrate AdoMet (Moffatt and Weretilnyk, 2001) . Despite these important changes that could have short-term deleterious effects on cell physiology, the key genes involved in the activated methyl cycle were not differentially regulated during the early response to MTX (Supplemental Table S4 ).
Thus, the imbalanced activity of the cycle initiated after 6 h of exposure to MTX propagated until the end of the treatment. As a consequence, AdoHcy and then Hcy accumulated to elevated levels, and the Met and AdoMet pools progressively declined, probably because of an imbalance between fluxes of regeneration and utilization of these metabolites (Fig. 6) . Supplementation of MTX-treated cells with LV allowed to maintain the 5-methyl-THF pool at 50% 6 10% of the control levels (Fig. 4) , a situation that was sufficient to prevent Met and AdoMet changes (Fig. 6) . However, this reduction was sufficient to trigger AdoHcy and Hcy, to a lower extent, accumulation, suggesting again that the cytosolic Met synthases were more sensitive to 5-methyl-THF limitation than their chloroplastic counterpart. In the late phase of the response (24 h), several genes coding enzymes of the activated methyl cycle were down-regulated (Supplemental Table S4 ), suggesting an attempt to adapt to long-term perturbation of the cycle. In this regard, it has been shown previously that a persistent situation of folate deficiency was associated with a posttranslational modification of the first enzyme specific for de novo Met synthesis and a restoration of Met and AdoMet homeostasis (Loizeau et al., 2007) .
After 12 and 24 h of exposure to MTX, the methyl index was reduced by 20-to 40-fold, respectively, suggesting a dramatic impairment in cell ability to perform methylation reactions. Even though, our transcriptomic data indicated that only a limited number of genes coding MTases were differentially expressed under these conditions. Among the 135 genes coding MTases in the Arabidopsis genome, only four were upregulated and six were down-regulated with at least 2-fold changes in response to MTX treatment (Supplemental Table S4 ). Three of these differentially expressed MTases are involved in the biogenesis of sterols, which are structural components of membranes and precursors of steroid hormones (He et al., 2003) . The potential role of these compounds in the adaptation of Arabidopsis cells to folate depletion is not known. Together, these results indicated that, despite the probable marked limitation of MTases activities, transcriptional regulation of most, if not all, genes coding these enzymes was not dependent on the methyl index.
Folate Depletion Is Associated with a Reorientation of C1 Units toward the Synthesis of Nucleotides in Plastids
The pool of folate is made of a dynamic equilibrium of coenzymes carrying C1 units at different oxidation levels and having different metabolic fates. Several genes coding enzymes involved in the loading of C1 units onto THF and in the conversion of C1 units were differentially expressed in cells treated with MTX (Supplemental Table S4 ). As previously mentioned, genes coding mitochondrial SHMT and several subunits of the Gly decarboxylase complex were downregulated in the late phase of the response to MTX treatment. We found that the transcripts coding 10-formyl-THF synthetase (FTHFS) and chloroplastic SHMT (cpSHMT) were up-regulated in the early phase of the response ( Fig. 5 ; Supplemental Tables S2  and S4 ). The up-regulation of these genes was markedly reduced in cells supplemented with LV, suggesting that theses changes were associated with a limitation in folate availability, possibly 5-methyl-THF and/or 5,10-methylene-THF. Moreover, these results suggested a reorientation of C1 metabolism in plastids to favor the synthesis of 10-formyl-THF and/ or 5,10-methylene-THF and thus to allocate C1 units toward the synthesis of nucleotides in this compartment (Fig. 1) . First, the ATP-dependent condensation of formate and THF to produce 10-formyl-THF is catalyzed by FTHFS, an enzyme found in the cytosol, mitochondria, and plastids (Hanson and Roje, 2001 ). Also, the de novo purine biosynthetic pathway, including the 10-formyl-THF-dependent glycinamide ribonucleotide and aminoimidazole-carboxamide ribonucleotide formyltransferases, is located in plastids in Arabidopsis (Zrenner et al., 2006) . Second, cpSHMT is involved in the conversion of Ser and THF into Gly and 5,10-methylene-THF (Besson et al., 1995) . A bifunctional DHFR/thymidylate synthase is present in plastids (Luo et al., 1997) and could allow the 5,10-methylene-dependent methylation of dUMP to dTMP. The reorientation of C1 metabolism toward the synthesis of nucleotides in plastids was strengthened by the simultaneous up-regulation of the AtPUP14 gene coding a putative purine transporter (Fig. 5) . Because this transporter is predicted to be located in chloroplasts (TargetP server; Emanuelsson et al., 2000) , one can suggest that it will be involved in the efflux of The genome-wide analysis of MTX-treated Arabidopsis cells revealed a set of genes involved in the sulfate assimilatory pathway. Most of these genes were up-regulated in the early phase of the response and encode sulfate transporters and key enzymes involved in sulfate activation, reduction, and incorporation into Cys (Supplemental Table S5 ). The induction of these genes, e.g. APR1 coding adenosine 5#-phosphosulfate reductase (Fig. 7) , is characteristic for the adaptive response of plant to sulfur (S) deficiency (Hirai et al., 2003; Nikiforova et al., 2003) . Under S-limiting conditions, the pools of the S-containing metabolites Cys and glutathione are also markedly reduced (Hirai et al., 2004; Nikiforova et al., 2005) . Our metabolic analyses indicated that folate depletion was not associated with significant changes in the level of Cys and that the pool of glutathione was reduced by about 30% after 24 h of exposure to MTX (Fig. 7) . However, we found that O-acetylserine (OAS), a key intermediate of sulfate assimilation, accumulated in folate-depleted cells (Fig. 7) . OAS has been shown to act as a regulator of global transcript and metabolites profiles under S-limiting conditions (Hirai et al., 2004; Nikiforova et al., 2005) . Thus, OAS accumulation in the early phase of the response to MTX treatment was probably at the origin of the observed transcriptional response. OAS is synthesized from Ser and acetyl-CoA by the enzyme Ser acetyltransferase (Wirtz and Droux, 2005) . In MTXtreated cells, the pool of Ser increased gradually, and this could be attributed to an impairment of the conversion of Ser into Gly catalyzed by the folatedependent enzyme SHMT ( Fig. 1 ; Prabhu et al., 1998; Loizeau et al., 2007) . We suggest that the increase in Ser levels in MTX-treated cells was at the origin of the elevation of OAS through an increased activity of Ser acetyltransferase. This assumption is supported by the previous finding that Ser application to Arabidopsis plants increased OAS levels and induced S deficiency response (Ohkama-Ohtsu et al., 2004) . Also, in cells treated with MTX and LV, we found that the accumulation of Ser, OAS, and transcripts of the S-responsive gene APR1 was less important and delayed as compared to cells treated with MTX alone (Fig. 7) . Together, these data indicated that folate depletion mimicked S deficiency response through the OASmediated coordinated transcriptional regulation of key genes of the sulfate assimilatory pathway.
CONCLUSION
The present genome-wide and metabolic analysis revealed several adaptive responses of Arabidopsis cells to MTX treatment and perturbation of folate homeostasis. Transcriptomic data indicated that MTX treatment induced a stress response and suggested that a protective effect builds up rapidly after cellular uptake of the drug. Similar stress-responsive effects have been associated with antifolate application or folate depletion in bacteria, animal models, fly, and yeast (e.g. Huang et al., 1997 Huang et al., , 2004 Gelling et al., 2004; Affleck et al., 2006) . As a consequence of the multiplicity of cellular functions in which folate derivatives are involved, perturbations to this network had farreaching consequences. Thus, modification of nucleotide homeostasis resulted in cell division arrest and in reduction of energy metabolism. Also, impairment of Ser catabolism led to OAS accumulation and to a transcriptional response typical of S starvation.
Regarding C1 metabolism, the major adaptive response of Arabidopsis cells to folate depletion concerned the composition of the folate pool rather than the intracellular level of cofactors. Indeed, no significant change in the expression of genes that could have increased the flux toward THF production was observed. However, the distribution of C1 derivatives as well as the expression of several genes coding enzymes manipulating C1 moieties was significantly affected in depleted cells. Because of the predominance of 5-methyl-THF over other folate derivatives in many plant organs, tissues, or cells, previous studies concluded that the synthesis of Met and AdoMet was a metabolic priority in many physiological situations (Hanson and Roje, 2001; Rébeillé et al., 2006) . Our study indicates that this situation is not true in Arabidopsis cells for which the pool of folate is limited by the use of MTX. Indeed, no genomic or metabolic adaptation was built up to counterbalance the major impairment of the methyl index, which controls methylation of essential metabolites, proteins, and nucleic acids in the cell. However, folate depletion was associated with increased expression levels for transcripts coding FTHFS, cpSHMT, and a purine transporter, suggesting a reorientation of C1 units toward the synthesis of purine and thymidylate in plastids. To summarize, the metabolic priority of Arabidopsis cells in response to folate limitation was to shuttle the available folate derivatives to the synthesis of nucleotides at the expense of AdoMet synthesis and methylation reactions. Similar conclusions were obtained using human colonic epithelial cells grown in folatedeficient conditions (Hayashi et al., 2007) . Moreover, it was proposed that, under certain conditions, the cytoplasmic SHMT acts as a switch to modulate nucleotide synthesis and methylation reactions in animal cells (Herbig et al., 2002) . In yeast, a limitation in the cytoplasmic pool of 5,10-methylene-THF was associated with the co-induction of several genes involved in C1 metabolism (referred to as the C1 regulon) as well as genes for enzymes of de novo purine biosynthesis (Gelling et al., 2004) . In contrast to the situation existing in plant and animal cells, co-regulation of the C1 regulon and purine synthesis in yeast was not at the expense of Met and AdoMet synthesis. Together, the data obtained in folate-auxotroph and folate-autotroph organisms indicate that C1 metabolism operates as a flexible system whereby folate composition is adapted to maintain the supply of C1 units to anabolic pathways.
MATERIALS AND METHODS

Cells and Growth Conditions
Arabidopsis (Arabidopsis thaliana) ecotype Columbia cell suspension cultures were grown under continuous light (40 mE m 22 s 21 ) at 22°C with rotary agitation at 125 rpm in Gamborg's B5 medium supplemented with 1 mM 2-naphtalene acetic acid and 1.5% (w/v) Suc. Cells were subcultured every 7 d, and chemicals were added to cultures at the beginning of exponential growing phase (3 d after subcloning). At each time point, cells were collected, washed with distilled water, weighed, and frozen in liquid nitrogen. Each experiment was done in triplicate.
Measurements of Respiration, Photosynthesis, and Cell Viability
Measurements of respiration rate were done in 1 mL of Gamborg's B5 medium containing 50 mM sodium bicarbonate, and oxygen consumption was determined in the darkness using an O 2 electrode (Hansatech, Eurosep Instruments) at 25°C. Photosynthetic activities were determined in the same conditions using a white light source of 2,000 mE m 22 s 21 . Cell viability was determined using the vital dye fluorescein diacetate, as described by Loizeau et al. (2007) .
Measurements of Metabolites
Determination of folates was done by LC-MS/MS as described by Zhang et al. (2005) . Following extraction, folylpolyglutamates were deconjugated in the presence of rat serum to generate the corresponding monoglutamate derivatives. Folates and MTX eluted from the RP-18 column were detected by electrospray ionization on an Applied Biosystems API4000 tandem quadrupole mass spectrometer. Because the stability and eventual interconversion of folates are affected during the typical sample preparation steps , the final quantitative data were simplified to five pools of folates: 5-methyl-THF, 5-formyl-THF, THF plus 5,10-methylene-THF, 10-formyl-THF plus 5,10-methenyl-THF, and folic acid.
Soluble amino acids and thiols were extracted in aqueous ethanol buffers and quantified by reverse-phase HPLC after derivatization with O-phthaldialdehyde and monobromobimane, respectively, as described by Loizeau et al. (2007) . AdoMet and AdoHcy measurements were done by reverse-phase HPLC after derivatization with chloro-acetaldehyde (Loizeau et al., 2007) .
Transcriptome Studies
Microarray analysis was performed with the CATMA array containing 24,576 gene-specific tags corresponding to 22,089 genes from Arabidopsis (Crowe et al, 2003; Hilson et al, 2004) . Five comparisons were analyzed in our time-course analysis of Arabidopsis cell response to MTX (Fig. 2) . In comparisons 1 to 3, arrays were hybridized with cRNA from control and MTXtreated cells at each time point of the kinetic. Comparisons 4 and 5 corresponded to hybridization with cRNA from MTX-treated cells at 2 and 6 h, and at 6 and 24 h, respectively. For each comparison, we performed a repeat using a second set of cell samples originating from an independent biological repeat. In addition, to avoid dye bias and gene-specific dye bias, a dye-swap experiment was carried out. Therefore, four arrays were used for each comparison. Total RNA was extracted from Arabidopsis cells using the RNeasy Plant Mini kit (Qiagen) following the manufacturer's protocol. RNA integrity, cDNA synthesis, hybridization, and array scanning were performed as described by Lurin et al. (2004) .
Statistical Analysis of Microarray Data
Statistical analysis was based on two dye swaps (i.e. four arrays, each containing 24,576 gene-specific tags and 384 controls) as described in Gagnot et al. (2008) . To determine differentially expressed genes, we performed a paired t-test on the log ratios, assuming that the variance of the log ratios was the same for all genes. Spots displaying extreme variance (too small or too large) were excluded. The raw P-values were adjusted by the Bonferroni method, which controls the Family Wise Error Rate. We considered as being differentially expressed the genes with a Bonferroni P-value # 0.05, as described in Gagnot et al. (2008) . We use the Bonferroni method with a type I error equal to 5% to keep a strong control of the false positives in a multiplecomparison context.
Microarray data from this article were deposited at Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/; accession no. GSE10675) and at CATdb (http://urgv.evry.inra.fr/CATdb/; project CEA06-02_Folate) according to the Minimum Information About a Microarray Experiment standards.
qRT-PCR
qRT-PCR experiments were performed using cDNA synthesized from total RNA isolated from control and treated Arabidopsis cells (Reverse-it first strand synthesis kit, ABgene). Specific primer sequences designed for each genes selected for analysis are available in Supplemental Table S6 . The realtime PCR reactions were carried out on a Rotor-Gene 3000 instrument (Corbett Research) using SYBR Green JumpStart Taq ReadyMix (Sigma-Aldrich). Quantification of gene expression was performed using the comparative C T method with the Rotor-Gene 3000 software. The actin2/7 gene (At5g09810) was used to normalize qPCR data.
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The following materials are available in the online version of this article.
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Supplemental Table S5 . Expression of genes involved in the sulfate assimilatory pathway in Arabidopsis cells treated with MTX.
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